We developed an exposure estimation model for an epidemiological study on the effect of traffic-related air pollutants on respiratory diseases. The model estimates annual average outdoor concentration of nitrogen oxides (NOx) and elemental carbon (EC). The model is composed of three nested plume dispersion type submodels treating different spatial scales from a few meters to tens of kilometers. The emissions from road traffic was estimated at high spatial resolution along the paths of roads taking into account the effects of individual building shape and traffic signals to secure accuracy near trunk roads where most of the subjects of the epidemiological study resided. Model performance was confirmed by field measurements at permanent local government stations and purpose-built temporary stations; the latter supplemented roadside monitoring points and provided EC concentrations, which are not measured routinely. We infer that EC emissions were underestimated by using the available database because there were significant contributions to EC concentrations from sources that did not emit much NOx. An adjustment concentration yielded good agreement between model estimates and field measurements.
INTRODUCTION
Traffic-related air pollutants such as nitrogen oxides (NOx), photochemical oxidants, and fine particulate matter (PM) are known to be associated with some diseases and symptoms; 1 these pollutants aggravate symptoms of patients diagnosed with respiratory diseases such as asthma. [2] [3] [4] Short-term effects such as sore throat or dizziness are relatively well understood for healthy people; however, long-term effects leading to onset of chronic respiratory or allergic diseases have not yet been clarified. 5 Many epidemiological studies report associations between traffic-related air pollutants and development of respiratory symptoms; however, the details of the results differ considerably. 2, 6 Limitations in previous studies that may have contributed to the large discrepancies include inaccuracy in pollutant exposure estimates, different medical diagnosis standards in different countries, and small or biased study populations. Further studies based on improvements in all such aspects are required.
The Japanese epidemiological project ''Study On Respiratory disease and Automobile exhaust'' (SORA) was conducted to clarify the relationship between traffic-related air pollutants and onset of human respiratory diseases such as asthma. The study was conducted in three Japanese urban areas (Kanto, Chukyo, and Kansai; see Figure 1 ) from 2005 to 2010 and involved B12,500 primary school children, B60,000 preschool children, and B110,000 adults residing near trunk roads. Many of the roads had a double-deck structure consisting of a general surface road and an elevated toll road.
As mentioned above, a cause suggested for the inconclusive results of previous epidemiological studies is the uncertainty in exposure estimates; 6 therefore, one of the challenges in the SORA project was to produce reliable long-term exposure estimates.
Elemental carbon (EC), a component of fine particles, and NOx were chosen as indicator air pollutants. In roadside areas, both EC and NOx originate predominantly from automobiles, and their mole amount is approximately conserved for the relevant timescale of at most a few minutes while they are dispersed from roads to roadside residential areas. Although NOx has long been monitored densely and widely, EC is not routinely monitored.
There are various types of numerical models for estimating the exposed pollutant concentration. Representative ones are interpolation, land-use regression (LUR), and dispersion models. 7 Interpolation models obtain the concentration by spatially interpolating the monitored values at permanent or temporary stations. LUR models employ multivariable linear regression with control parameters such as land-use information, population density, traffic volume, and distance from roads. LUR models use monitored values for both obtaining regression coefficients and confirming the estimation performance. Dispersion models obtain concentration by predicting the dispersion of pollutant plumes from emission sources; the estimation accuracy is presumed to be better than LUR, particularly near emission sources, and the capability to distinguish contributions from multiple sources is desirable for planning mitigation measures, 7 but the computational cost is generally the highest among the three types of models. Note that, by ''presumed to be better'', we imply that dispersion models have a considerably greater room for improvement in emission and airflow modeling than interpolation or LUR models, even though the previously reported performance of the conventional dispersion models are equivalent to that of LUR models.
The SORA project adopted a dispersion model because high spatial resolution was needed in order to distinguish the exposure levels of study subjects near trunk roads where the concentration gradient is steep. Also, the bottom-up emission estimation in the dispersion model was deemed to be useful for planning mitigation measures in response to the results of the epidemiological study.
There are a wide variety of dispersion models. Conventional models (e.g., ISC, 8 AEROMOD, 9 and CALINE4 10 ) employ Gaussianplume relations with dispersion parameters that depend on the overall ground roughness but do not necessarily take into account the individual building shape. The neglect of building geometry is considered to be a serious deficiency in complex roadside areas, and various building-resolving models have been developed. 11, 12 However, computation of building-resolving models becomes prohibitively expensive as the spatial resolution and the prediction accuracy increase. For long-term exposure estimation, buildingresolving models are rarely employed except when the evaluation points are limited, for example, 108 points in the study of Pé nard-Morand et al. 13 
METHODS
A purpose-built dispersion model was developed because the SORA project required that long-term average exposure be estimated for a large number of subjects living in the highly complex Japanese urban roadside environment distributed over wide and separated areas. To calculate long-term exposure at reasonably high spatial resolution at a feasible computational cost, we employed a triple-nesting model scheme: a conventional Gaussian-plume model in the outer two nests covering prefecturelevel areas, and a low-computational-cost building-resolving model in the innermost nest covering scales of a few hundred meters.
Personal outdoor exposure level for each subject was calculated as a time-weighted average of the prediction by the developed dispersion model with high spatial resolution, and the indoor exposure level was calculated assuming an infiltration rate from outdoor air. Estimated personal exposure levels and the outdoor and indoor measurements will be reported elsewhere.
The reliability of our dispersion model was confirmed by using the measured data from permanent and temporary air monitoring stations. The temporary stations (hereinafter SORA stations) were installed at various distances from the trunk roads in order to supply spatially dense data. They were also critical in measuring EC, which is not a routine monitoring species at permanent stations. A previous study 14 has estimated roadside EC by a dispersion model; however, confirmation by field measurement has not yet been reported.
In the following, ''FY'' before a year number indicates the Japanese fiscal year beginning on April 1.
Model Structure Our dispersion model consists of three submodels: super-wide area (1 km grid), wide area (arbitrary resolution), and roadside (3 m grid) submodels. The estimation target was annual average concentration of NOx and EC at the immediate outdoor points of the study subjects' homes and primary schools.
The super-wide area submodel estimates area-averaged concentration in the grid cells by using a Gaussian-plume dispersion model based on Japanese guidelines. 15, 16 The grid is the thirdorder national geographical lattice with 45 s longitudinal and 30 s latitudinal spacing, B1 km in both directions (Figure 2a ). Inside the areas where the wide area submodel (described in the next paragraph) was applied, road vehicles on trunk roads were excluded from emission sources. Otherwise, we considered all the emission sources that are amenable to estimation. Except for special cases, the emission in a grid cell was assumed to be concentrated at the center of the cell, and the areal average concentration in the target grid cell was represented as the value at the cell center, that is, the model calculated concentration at target points due to point-source pollutant plumes. A special procedure was adopted if the source and target points were in the same or adjacent cells. In such cases, the grid was divided into Figure 1 . The study areas of the SORA project. The rectangles indicate the domains for the super-wide area submodel and the polygons inside the rectangles indicate the domains for the wide area submodel.
8 Â 8 for same-cell cases or 4 Â 4 subgrids for adjacent-cell cases and the same procedure as in the original grid was applied to the subgrids. Further details on the super-wide area submodel are described in Supplementary Information.
The wide area submodel estimates the concentration at subject points by using a Gaussian-plume dispersion model based on the same guidelines as in the super-wide area submodel. Only road vehicles on trunk roads that pass through the areas where study subjects reside were considered as emission sources. Therefore, the emission sources were distributed along trunk roads (Figure 2b ). The calculation areas were defined as collections of third-order national geographical grid cells. We emphasize that non-trunk road emissions were treated by the super-wide area model. Further details on the wide area submodel are described in Supplementary Information.
The roadside submodel is a recently developed buildingresolving dispersion model. 17, 18 The model adopts the massconservation principle to calculate the wind field and solves the advection-diffusion equation to obtain the concentration distribution. The model can calculate the concentration distribution at a much lower cost than standard computational fluid dynamics models while achieving more accurate results than the Gaussianplume models adopted in the outer nests. The low computational cost while preserving relatively high accuracy is achieved by incorporating empirical wind-field formulas around obstacles into the air-flow calculation step. The calculation domains were defined as 600 Â 600 m horizontal section squares whose two edges were nearly parallel to the relevant major roads and whose center was approximately on the roads. The vertical height of the domains was 99 m, sufficiently large to contain most high-rise buildings in urban areas. The domains were divided into 3 m cubic grids. Buildings and other structures were represented as solid grid cells. The concentration field was calculated first in non-solid cells, and then the solid-cell concentration is obtained by harmonic interpolation of the values at the interface with the non-solid cells, a procedure equivalent to solving the diffusion equation without airflow and emission sources. The domains were defined such that about a third of the horizontal section overlapped with the adjacent one, and major road intersections are near the centers of the domains (Figure 2c ). The domains were overlapped to prevent loss of accuracy near an edge when the wind comes from outside the domain toward this edge because, in such a case, the influence of the buildings in the adjacent domain is not taken into account by the roadside submodel, although it is by the wide area submodel. If the subject point was inside an overlapping region of the two domains, the exposure concentration was determined as the calculation result for the domain with the center closer to the subject point.
The model estimate C' was calculated as the sum of contributions from the three submodels. Care was taken to ensure that sources were included from only one of the submodels. Given a target point, the super-wide area model calculated the contribution Cs from sources other than the vehicles on the trunk roads in the areas treated by the wide area submodel. The calculation of the contribution Cw of the wide area model differed by the location of the target point. If the point was not in any of the square areas defined for the roadside submodel, all the relevant trunk roads were considered as emission sources, and we had C' ¼ Cs þ Cw. However, if the point was inside a roadside submodel square area, the emissions from the road section inside the square were excluded from the wide area model calculation to obtain Cs, and the roadside submodel calculated the contribution Cr from this road section. Then, the required concentration became
The accumulated concentration C' was adjusted for the natural background, estimation errors, or unaccounted emission sources. As described in the section ''Comparison'', the accumulated concentrations C' were on average biased from the measured values at the field monitoring stations. The adjustment values Cb were determined empirically such that the statistical bias became zero at stations sufficiently away from the trunk roads, and the final estimation C was given by C ¼ C' þ Cb. Model Inputs Hourly data for wind speed and direction, solar radiation, and cloud coverage were obtained from the nearest air monitoring stations and weather observatories. We excluded stations that recorded peculiar wind variation because of nearby obstacles. The meteorological input for the super-wide area and wide area submodels were prepared as annual averaged values at each hour of the day for weekdays and weekends. The annual average concentration was calculated as the average of the results under these 48 conditions. For the roadside submodel, we calculated for each hour in a year because, somewhat ironically, it was computationally feasible.
For the non-vehicular emission inputs for the super-wide area submodel, we used the EAGrid2000 emissions inventory. 19 This inventory includes emission estimates of representative species as of year 2000 from various sources in each third-order national geographical lattice cell. Because the emissions were expected to have changed because of economic events such as the Lehman shock in the fall of 2008, emissions were modified by multiplying the ratio of the national energy consumption 20 in each year relative to that in 2000.
In EAGrid2000, particulate matter is given as PM2.5 (particles with 50% cutoff aerodynamic diameter Da at 2.5 mm). The emission rate e of PM2.5 was converted into emission rate of EC by e(EC) ¼ f e(PM2.5) where the ratio f ranging from 0.028 to 0.68 was determined for different types of emission sources. See Supplementary Information for more details.
Traffic volume, emission factors, and travel speed are necessary to calculate vehicular emission rates. The traffic volume on trunk roads was obtained from the national traffic censuses conducted in 1999 21 and 2005, 22 and by inter-or extrapolating for the other years. Vehicles were categorized into four types: passenger cars, buses, small trucks, and medium and large trucks (typically with gross vehicle weight exceeding 8 tons). The trunk road traffic volume was determined for individual road intervals. The traffic volume on non-trunk roads was calculated as the difference between the trunk road volume and the total volume summarized in the national report on motor vehicle transport. 23 See Supplementary Information for more details.
Emission factors, defined as the weight of pollutant species emitted per vehicle per travel distance, depend on the travel speed and vehicle type. The emission factors of the four vehicle types mentioned above were determined by using the emission database for various vehicle subtypes and age groups obtained from chassis-dynamometer measurements. 24 Composition of the subtypes and age groups of the four vehicle types was estimated by using the national database on vehicle registration 25 and on-road surveys of vehicle number (license) plates. We then apportioned the chassis-dynamometer results to the four types. Finally, emission factors were determined in each study area as functions of travel speed. See Supplementary Information for more details.
The automobile emission database of particulate matter was provided as PM without size specification. Because the database had been constructed from analysis data of tailpipe emissions in chassis-dynamometer tests, automobile PM is effectively PM2.5 or smaller. The ratio f ¼ e(EC)/e(PM) for road traffic was set at 0.4, which was determined by analyzing the decay with distance of NOx and EC measured at SORA stations located at various distances from the trunk roads by using the emission rates of NOx and PM. 26 There was non-negligible variation in the ratio among different monitoring sites and it is unlikely that a universal ratio exists that is valid for any type of vehicles; however, the gross mean value of 0.4 was considered appropriate for trunk roads with a typical vehicle composition. Because emission of particles from tires and brakes is relatively small (estimated to be B13% of automobile emissions) 19 and the estimation uncertainty was considered large, it was neglected in our model.
The travel speed on trunk non-toll roads was estimated taking into account the effect of traffic signals. Representing vehicles as points on a line, vehicle movement was simulated for given vehicle density, intersignal speed (legal limit), signal interval, signal cycle, and other parameters related to driving behavior. We adopted this traffic simulation method instead of the conventional method of defining the speed as a linear function of the traffic volume relative to the capacity of the road because the travel speed recorded in traffic censuses had only weak dependence on the traffic volume but strong dependence on the signal spacing. In the wide area submodel, for adequately divided stretches of trunk roads, the mean travel speed obtained by this simulation was substituted into the emission factor function, so that the emission rate was uniform in each stretch. In the super-wide area submodel, the emissions from trunk roads in a calculation cell were gathered at the center of the cell. In the roadside submodel, the traffic simulation results were directly converted into emission distribution by the method described in Kanda et al., 18 so that the emission rate had maxima near signals where vehicle emissions are high because of idling and acceleration.
On toll roads (highways) where there are no traffic signals, the travel speed was given by the peak congestion value in the hours when the traffic volume was 480% of the peak congestion value, and in the other hours, was given by the mean non-congestion travel speed. This method well reproduced the travel speed recorded in the traffic censuses. On non-trunk roads, the vehicle speed was assumed to be a constant 20 km/h. Similar to the meteorological data, the emissions data were prepared as hourly values for weekdays and weekends. We assumed that the traffic census data recorded for 24 h on one weekday and one weekend per one census campaign were representative of the traffic for the rest of the year.
Field Monitoring
The model performance was evaluated against concentrations measured at field monitoring stations in the study areas from FY 2004 to FY 2008. In addition to permanent stations (B120 ambient and 6 roadside), we installed 47 SORA stations. Seven of the SORA stations were installed in remote regions away from substantial effects of urban emissions. Four stations at each of the 10 selected sites along the trunk roads were placed at B5, 35, 70, and 100 m from the road curbs. The 10 sites were selected under the following conditions: (1) each site is sufficiently away from major fixed sources or major traffic intersections, (2) each site is adjacent to a straight section of the relevant major road, (3) the terrain and the artificial structures around each site are not too complicated, and (4) the sites cover a wide range of road structures (surface road, elevated road, underground road with top opening, and combination of these). Prevailing wind directions were not considered in the selection of the roadside SORA station locations. Frequency of the three 16-divisioncompass-point wind directions close to the vector perpendicular to the trunk road axis pointing from the road to the three roadside SORA stations other than the 100 m one, which was located on the other side of the road, ranged from 7% to 31% with the average 14% among the 10 sites in FY 2006. Hence, the roadside SORA stations were a little less exposed to the traffic emissions that would be expected for uniformly distributed wind directions for which the frequency of the three wind directions would become 3/16 ¼ 19%. Figure 3 shows the distribution of the permanent ambient stations and the 100 m and remote SORA stations that were used to determine the adjustment concentration Cb.
From March 2006 to September 2009, NOx, PM2.5, SPM (100% cutoff Da at 10 mm), and Black Carbon (BC) were simultaneously monitored B1.5 m from the ground at the 47 SORA stations. NOx was measured by the chemiluminescence method at the permanent and SORA stations. Particulate matter (PM2.5, SPM, and BC) at the SORA stations was measured by SPM-613D (Kimoto Electric). BC was monitored only at the SORA stations. The NOx monitors were automatically calibrated once a week, and the particle monitors were calibrated with equivalent membranes once a month. Wind speed and direction were measured 4-5 m from the ground at eight SORA stations. The data were used to detect any anomaly in the local wind field compared with the general wind field (used for model inputs) measured at much greater heights at ambient permanent stations located in less built-up areas. More details about the SORA stations are given in Naser et al. 26 Because our model calculates the annual average concentration, the annual averages of the hourly monitored data were evaluated.
One SORA station was installed in a roadside permanent station (Kamiuma station) in Tokyo with almost the same sampling height. The annual average concentrations of NOx at this SORA and Kamiuma stations are listed in Table 1 . The difference ranging from 0.6 to 6.0 p.p.b. gives the level of uncertainty in the measurement.
Because the automated measurement of EC was difficult, BC was monitored as a proxy for EC by measuring the reflection of infrared light from the PM2.5 filter samples. As described in Naser et al., 26 the relationship between BC and EC determined by analyzing the particles on the sampling filters was:
The estimated measurement error as a combination of contributions from SPM-613D and EC analysis is B7%.
RESULTS AND DISCUSSION

Comparison
The adjustment concentration Cb for natural background, unaccounted emission sources, or emission estimation errors was determined for each of the study areas such that the linear regression lines between the model estimates and the measured values pass through the coordinate origin. This procedure corrects the systematic error in the model and assures reliable exposure estimation for the epidemiological study. In determining Cb, stations close to roads (SORA stations B5, 35, and 70 m from trunk roads, and permanent roadside stations) were excluded from the regression analysis because concentration gradients are steep near roads and, therefore, Cb could not be determined robustly from data at inevitably sparse stations. For EC, only SORA stations were used to determine Cb. Table 2 lists the values of Cb for the years relevant to the epidemiological study. For the years when no monitoring data were available (EC in FY 2004 and FY 2005) , the Cb values were extrapolated from the values for other years. Negative values imply overestimation. We observe that Cb for EC occupies a rather large portion of the total concentration (see Figure 4 or Figure 5 for the magnitude of EC). This result indicates that there is much larger uncertainty in estimating EC than NOx. Most probably, the emission of EC is either underestimated or there are unaccounted sources of EC. Although EC is presumed to be more important than NOx in causing human respiratory diseases, NOx was chosen as an indicator species because the reliability of the NOx emission inventory has been tested by previous authors. 27 Our argument here is based on the assumption that the NOx inventory is reliable: the relatively small values of Cb for NOx confirm the validity of our model Outdoor exposure model of traffic-related air pollution in Japan Kanda et al calculation. As EC should be transported in the same manner as NOx, the larger value of Cb for EC indicates that there is large uncertainty in the EC inventory.
NOx and EC were well correlated in both field measurements and model estimates (the squared Pearson correlation coefficient R 2 was 0.90 for the field measurements and 0.96 for the model estimates; Figure 4 ), indicating that they originate from similar emission sources and that the transport processes are also similar. The wider scatter for measurements than for model estimates indicates uncertainties in emission estimates, meteorological data, and dispersion modeling. The positive intercepts on the EC axis at zero NOx implies that a substantial amount of EC is from sources that do not emit much NOx. Figure 5 Note that this multiplier assumes that the hourly data are independent of each other. Because there is actually considerable temporal correlation among hourly data, a proper multiplier should be larger. Hence, the above criteria should be regarded as the safest ones. Table 3 shows that the criteria are satisfied except for several cases for NMSE and VG. We believe that the poorer performance for EC compared with that for NOx is mostly because of the larger uncertainty in the EC emission inventory.
Large discrepancies at stations near trunk roads (those with high concentration) are of great concern. Close examination of the data and the traffic behavior did not reveal definite causes. Possible causes were errors in estimating traffic behavior, vehicle emission rate, or atmospheric condition data supplied to the three submodels. For example, there was an intersection where many vehicles entered the trunk road from a side street near one of the roadside monitoring stations; under such conditions, the emission rate estimated by our model could be underrepresenting the actual emissions. Figure 7 shows the contour map of the annual average concentration of NOx in Ashiya City in the Kansai region. We observe that the concentration generally decays with distance from the major road. The decay behaviors of the observed and modeled concentration of NOx and EC at the field monitoring stations (indicated by filled squares in Figure 7 ) are shown in Figure 8 . Clearly, buildings along the road affect the concentration field. In this area, the prevailing winds when traffic volume was high came from the NE in the morning and SW in the evening (Figure 9 ). The concentrations near the buildings A (10-story apartment), B (4-story school), and C (8-story apartment) are lower than elsewhere. This result is because of the enhanced turbulent mixing near these buildings. When the traffic emission is highest in the morning rush hours, the wind is from NE and the buildings A, B, and C are on the downwind side of the major roads. Windtunnel experiments show that large buildings in such configurations have an effect of reducing concentration on their leeside. 29 We also note that the concentration is generally higher near traffic signals, although the higher wind speed over the building-free road surface often overwhelm the local effects of enhanced emissions. Figure 10 shows the model estimate results using the three nested submodels for the annual averaged NOx concentration for FY 2005 at the homes of primary school children in the Kansai area. Similar model calculations were conducted for EC, for other years, and for other study areas. For the study of preschool children, note that only the outer two submodels (super-wide area and wide area) were employed because their homes were not concentrated near trunk roads. The estimated concentrations will be used in the epidemiological analyses in the forthcoming papers. 
Model Results
Summary
We developed an outdoor exposure estimation model for annual averages of the traffic-related air pollutants NOx and EC. The model is composed of three nested submodels that calculate atmospheric dispersion at different spatial scales ranging from a few meters to tens of kilometers. Non-road emissions were treated as area sources derived from EAGrid2000, but road emissions were treated as line sources whose strength was estimated by integrating various databases and also by taking into account the effects of traffic signals.
We infer that emission of EC was underestimated and that a significant portion of EC was from sources that did not emit much NOx, although there are concerns about errors in the emission factors. Good agreement was achieved between the model estimation and field measurement concentrations after use of adjustment concentrations.
There have been numerous comparison studies between LUR models and field measurements. 7 However, distinction between model evaluation and model construction is ambiguous because, in the construction process of LUR models, site-specific field measurement results are used to determine the regression parameters. In contrast, our dispersion model is based on siteindependent methods of emission estimates and physical dispersion mechanisms, except in the determination of the adjustment concentrations where the field measurement results were used. Also, the measured BC was converted to EC by a relation determined from analysis of filter samples collected at similar environments to our study sites. 26 This procedure is critical because BC-EC relation is known to vary considerably from place to place. 30 To our knowledge, our study is the first proper confirmation of dispersion model results for EC by field measurements. 
